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Our near-peer adversaries’ investments in research and development have increased 
dramatically, as a result, the United States is no longer able to boast of technology 
superiority.  Our adversaries watched us for years and saw our equipment, studied our 
tactics, techniques and procedures, and determined our Concepts of Operation.  They 
are investing in technology and capabilities attempting to avoid our strengths and exploit 
our weaknesses.  To maintain our technological edge, our scientist and researchers must 
work together to develop new and advanced capabilities and technologies.

Technology changes at great speed; therefore, we must continue to push the limits 
and work with our stakeholders – academia, industry, Congress, and our allies.  We face 
the competing necessities of protecting our sensitive research and collaborating with 
partners outside of the DoD.  Our scientists, researchers, and engineers must continue 
to have the ability and opportunity to gain peer-review status for limited or classified 
projects, and to share information and further leverage discoveries.  

In an effort to ensure an alternative peer-review framework exists for the research 
and engineering enterprise, we initiated a peer-reviewed journal forum to afford our 
scientists and technologist an opportunity to share their research in a controlled access 
environment.  The Defense Technical Information Center (DTIC) developed an internal 
journal, Journal of DoD Research and Engineering (JDR&E), to recognize the science 
and technology community’s best works at the Controlled Unclassified/Classified level.

Through its print and online incarnations, JDR&E aims to publish influential papers 
to significantly advance scientific understanding. The JDR&E selections present novel 
and broadly important data, syntheses, or concepts. They should merit recognition by 
the wider DoD science and technology community and address the need to collaborate, 
recognizing contributions from our research community, while reducing the information 
available to the public and the potential for exfiltration.

The JDR&E welcomes submissions from all fields of DoD S&T. The editors are 
committed to promptly evaluating and publicizing submissions while upholding high 
standards that support reproducibility of published research. The JDR&E will be 
published semiannually and selected controlled unclassified publications will be available 
in print, while classified publications will be available online.

The JRD&E is a critical piece of the U.S. retaining technological superiority over our 
adversaries.  We must all work together in order to stay ahead and promote the exchange 
of data and concepts vital to the Department of Defense in the years ahead.  

Greetings from Ms. Mary J. Miller, Principal Deputy Assistant Secretary of 
Defense for Research and Engineering
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Letter to Our Readers from the Principal Director, Research, in the Office of the 
Assistant Secretary of Defense (Research and Engineering), Mr. Dale A. Ormond

I am delighted to welcome you to the Journal of DoD Research and Engineering 
(JDR&E). This new addition to our family of printed and digital peer-reviewed publications 
will foster and facilitate our collaboration across the S&T Enterprise, including the 17 
Communities of Interest (CoI). Like many worthy endeavors, the journal’s foundation 
is rooted in a simple goal: to encourage our researchers to publish their classified and 
controlled unclassified (C/CU) works and to ensure that the experts on our CoIs who 
selflessly volunteer to serve as reviewers, validate their works.

As the Principal Director for Research, I have oversight of all of the DoD’s S&T 
investments, and lead the Reliance 21 planning effort. Most importantly, my job is to 
ensure that the long-term strategic direction of the Department’s S&T programs will 
continue to generate extraordinary innovations to maintain our Military’s operational 
and technological superiority to support our warfighter. My job depends on the expertise 
of people like you, the researchers and engineers who work in our DoD Labs and 
serve in our research communities.  For a long time, you have shouldered tremendous 
responsibility on behalf of the warfighter and continued to take on the task of keeping 
them safe. However, due to the sensitivity of your work, you have not been able to gain 
the recognition that you deserve for your efforts. I hope to inspire you to take advantage 
of this unique opportunity to submit your exciting work to this journal. We want to give 
you the chance to highlight the support you have received from your organization over the 
years and recognize you for your accomplishments.  The Journal of DoD Research and 
Engineering is here to provide a secure venue for you to publish your work, to facilitate 
your connection to the larger DoD R&E communities, to promote your collaboration in 
cross-cutting research areas, and to enable you to share and use the Defense Technical 
Information Center (DTIC) repository of linkable scientific and technical information. 
To all the DoD Laboratory and Warfare Center Directors who are making good use of the 
Section 219 Authorities authorized in the Duncan Hunter National Defense Authorization 
Act for Fiscal Year 2009, you now have a venue by which you can meet the publishing 
requirements.

From the silent distance of space where your robots roam and service our satellites, as 
Dr. Roesler expressed so eloquently in his op-ed article, to the solitude of your lab where 
your research efforts begin, or wherever you are, I encourage you to publish, volunteer, 
and/or serve as the journal’s reviewers. Reach out to the larger communities of R&E 
to collaborate and coordinate. Our warfighters depend on you to continue to climb to 
the summit of your field and do the impossible. I wish you all great success with your 
important research as you work, publish, and help us ensure the S&T we continue to 
pursue is well beyond any other nation on Earth.
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Letter from the Administrator of Defense Technical Information Center, 
Mr. Christopher E. Thomas

I am excited to welcome you to the inaugural issue of the Journal of DoD Research and 
Engineering (JDR&E).  During my tenure at the Defense Technical Information Center 
(DTIC), I have noted the need for a venue that provides our researchers and scientists the 
capability to share their work, while still affording the protections needed to maintain the 
competitive advantage our S&T community provides us. The JDR&E is a peer-reviewed 
journal of DoD classified and controlled unclassified (C/CU) articles that cover the 
scientific and technical research conducted within the Department.  Under the guidance 
of Ms. Mary Miller, Principal Deputy Assistant Secretary of Defense for Research and 
Engineering, and the management by DTIC, the JDR&E will serve as a unique platform to 
encourage collaboration and coordination between all 17 Communities of Interest, from 
Advanced Electronics to Biomedical to Space, to meet the DoD’s S&T challenges of today 
and tomorrow.  The JDR&E’s key functions are to:

• Recognize researchers, scientist, and engineers doing exceptional work at the C/CU
level and provide a secure platform to share their research

• Increase DTIC repository capability to receive, preserve, manage, and disseminate
scientific and technical knowledge generated from the best DoD S&T investments

• Promote multi-agency collaboration in cross-cutting R&E and serve as a pipeline for
DoD future breakthroughs

DTIC will manage the JDR&E’s semiannual publication to ensure all C/CU R&E
articles are validated via a peer-review process. The JDR&E is a venue for researchers 
across DoD to publish their sensitive work and avoid information exfiltration, a possible 
risk often associated with the publication of data in academic journals. DTIC’s security 
protocols will protect against this threat—ensuring the right balance between the need to 
share S&T activities while protecting this body of work from our adversaries.  We have 
many excellent researchers in our DoD Labs, and this journal provides a structured, 
secure, and premier venue to publish their work, recognize their talent, and highlight 
their extraordinary accomplishments and discoveries. To be successful this journal 
needs the entire community to participate by submitting articles, serving on the editorial 
board, and volunteering as peer reviewers. My vision for the JDR&E is straightforward: 
to protect, advocate, and serve as a gatekeeper of C/CU generated by DoD’s best S&T 
investments. It will help catalyze new discoveries and world-leading innovation to provide 
our warfighters with the technologies that will assist the Department in maintaining its 
technological advantage. 

I would like to take this opportunity to thank Ms. Mary Miller.  Without her vision, 
passion, and commitment, this journal would not exist.  I owe a tremendous debt of 
gratitude to her for her guidance and support during the publication of the journal’s 
inaugural issue.  I am grateful for the support of Mr. Dale Ormond whose tremendous 
effort enabled us to connect with the CoI and DoD laboratory community. I am in debt to 
Dr. Gordon Roesler from DARPA and the authors from ARDEC for graciously agreeing 
to contribute to the journal. I appreciate the assistance provided by my staff, Mr. Roger 
Garay, Ms. Michele Finley, Mr. Brent Ishizaki, and Mr. Jason Lawrence.  I also wish to 
thank the editorial and production staff for their hard work, professional acumen, and 
devotion to the journal.  Finally, many thanks to you, our readers, who join us on this 
journey!  Your insights and feedback will help to shape this journal into an effort that 
benefits the warfighter - whom we all support. 



6 DISTRIBUTION A. Approved for Public Release: distribution unlimited.

Advisory Board

Ms. Mary J. Miller Mr. Christopher E. ThomasMr. Dale A. Ormond

Staff

Chief  Technical Editor:  Nick Tran, Ph.D 
nick.e.tran.ctr@mail.mil

Production Editor:  Jason Southorn 
jason.a.southorn.ctr@mail.mil

Desktop Publisher:  Tom Dekle 
tom.w.dekle.ctr@mail.mil

Please contact us at  dtic.belvoir.pm.list.dodrejournal@mail.mil  or 1-800-CAL-DTIC.

Technical SME:  Joseph Bonivel, Ph.D
joseph.t.bonivel.ctr@mail.mil 

Enterprise Portfolio Analyst: Roger Garay
roger.a.garay.civ@mail.mil 

Administrator/Editor-in-Chief: Christopher Thomas 

Deputy Director of  User Services: Michele Finley
michele.l.finley2.civ@mail.mil 

Art Director:  Devinia Brown 
devinia.m.brown.ctr@mail.mil

Journal Contributions
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publication of our journal’s inaugural issue. We also owe a tremendous debt of gratitude to ARDEC senior scientist, Dr. Don 
Carlucci, for his assistance and unwavering support of our mission.  

We deeply appreciate the contributors from Naval Undersea Warfare Center (NAVSEA) for their swift response to our 
call for submission, and in so doing, significantly improved the breadth and depth of our introductory issue.  

Finally, we would like to take this opportunity to thank Dr. Gordon Roesler from DARPA, who on short notice, graciously 
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Reliability Assessment of a Single-Shot System by Use of 
Screen Test Results

Abstract: Field reliability prediction methods based upon early screening results 
W\SLFDOO\� LQYROYH� WUDFNLQJ� D� WHPSRUDO� PHWULF� VXFK� DV� RQ�WLPH� DFURVV� D� FRQVWDQW� VWUHVV�
WHVWLQJ�UHJLPH�LQ�RUGHU�WR�PRGHO�ZHDU�RXW���7KHVH�PHWKRGV�KDYH�YHU\�OLPLWHG�DSSOLFDELOLW\�
WR�VLQJOH�VKRW�V\VWHPV�EHFDXVH�UHOLDELOLW\�LV�QRW�GULYHQ�E\�ZHDU�RXW��DQG�WHVWLQJ�LV�RIWHQ�
performed at varying stress levels.  A new methodology is introduced to track and project 
WKH�UHOLDELOLW\�IRU�D�VLQJOH�VKRW�V\VWHP�DV�LW�JRHV�WKURXJK�D�PXOWL�VWDJHG�VFUHHQLQJ�SURFHVV�
WKDW�SURGXFHV�QR�PHDQLQJIXO�WHPSRUDO�PHWULF�DQG�LQYROYHV�VLJQL¿FDQW�GL̆HUHQFHV�LQ�WHVW�
strength.  The approach described here assumes that the defect density during testing 
takes the form of an exponential decay, although other mathematical functions can be 
substituted for the exponential.  In order to apply the decay rate function to a discrete 
pass/fail test scheme, the approach provides for normalization of the disparate tests to 
FRQVWDQW�VWUHVV�E\�EDFN�FDOFXODWLQJ�DQG�DGMXVWLQJ�IRU�WHVW�VWUHQJWK�EDVHG�XSRQ�SUHYLRXV�
VFUHHQLQJ�UHVXOWV��7KLV�DSSURDFK� LV�PRVW�XVHIXO�ZKHQ�UHOLDELOLW\�GRHV�QRW� LQYROYH�ZHDU�
RXW�RI�SDUWV��ZKLFK�LV�W\SLFDOO\�WUXH�RI�VLQJOH�VKRW�V\VWHPV�� �+RZHYHU��LW�DOVR�SRWHQWLDOO\�
has utility for all programs that need to glean information about early failures caused 
by fabrication problems, so long as a discrete end point for the reliability requirement 
such as warranty termination has been established.  The equations provide a tool with 
ZKLFK�UHOLDELOLW\�SUDFWLWLRQHUV�FDQ�HVWLPDWH�¿HOG�UHOLDELOLW\�RI�D�QHZ�ORW�RI�VLQJOH�VKRW�RU�
warrantied systems based upon early screen results, as long as a complete set of data from 
previous lot testing is available.  Utility for reliability growth estimation is also described.  
A numerical example is given to demonstrate application of the model.  This paper was 
DGDSWHG� IURP� D� OLPLWHG�GLVWULEXWLRQ� WHFKQLFDO� UHSRUW� E\� WKH� VDPH� DXWKRUV� �&RDWH� DQG�
Skaggs 2016).

1. Introduction
0RGHUQ�VLQJOH�VKRW�V\VWHPV�VXFK�DV�JXLGHG�PXQLWLRQV�

rely on complex electronic guidance and control systems.  
*HQHUDOO\��SDUW�ZHDU�RXW�FDQ�EH� LJQRUHG�LQ�WKH�VHUYLFH� OLIH�
UHTXLUHPHQWV�RI�WKH�HOHFWURQLFV�LQ�VLQJOH�VKRW�V\VWHPV���7KLV�
means that reliability is driven exclusively by what have 
been termed “infant mortality” or “extrinsic” defects such 
as bad parts or poor workmanship.

(OLPLQDWLRQ� RI� LQIDQW� PRUWDOLW\� GHIHFWV� LQ� VLQJOH�VKRW�
systems typically involves stress screening at levels that 
precipitate failures without substantially reducing the life 
of the system.  Environmental Stress Screening (ESS) is 
a process or series of processes in which environmental 
stimuli, such as rapid thermal cycling and random vibration, 
are applied to electronic items in order to precipitate failure 
of latent defects (Defense 1993).  The objective is to remove 
DV�PDQ\�RI�WKH�VLJQL¿FDQW�GHIHFWV�WKDW�WHQG�WR�GRPLQDWH�WKH�
UHOLDELOLW\�RI�¿HOGHG�SURGXFWV�GXULQJ�HDUO\�OLIH���7KH�UHVXOWLQJ�
product should then more closely exhibit the inherent or 
GHVLJQHG�LQ�UHOLDELOLW\��%LHUEDXP���1����
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There are quantitative methods to measure the 
H̆HFWLYHQHVV� RI� DQ�(66�SURJUDP�� VXFK� DV� WKRVH� LGHQWL¿HG�
in (Defense 1993).  These methods often give the program a 
sense of the initial number of patent and latent defects prior 
to screening and then the estimated latent defects that escape 
WR�WKH�¿HOG���8VLQJ�WKHVH�UHVXOWV��WKH�SURJUDP�FDQ�JHW�D�JRRG�
HVWLPDWH�RI�WKH�¿HOG�UHOLDELOLW\�RI�WKH�SURGXFW���%HFDXVH�RI�WKH�
physics of latent defect distribution in a hardware system, 
the failures collected as a function of the amount of time 
the screen is applied resembles an exponential decay curve 
VLPLODU�WR�WKH�IURQW�HQG�RI�WKH�ZHOO�NQRZQ�³EDWKWXE�FXUYH´�
�0RGDUUHV��.DPLQVNL\� DQG�.ULYWRVY� ��1���� � $IWHU� DQ�(66�
program has matured, the users will have the parameters to 
create the failure rate exponential decay curve, which allows 
WKHP�WR�PDNH�D�UHDVRQDEOH�HVWLPDWH�RI�WKH�¿HOG�UHOLDELOLW\�
based solely on the number of patent defects precipitated 
GXULQJ�¿UVW�SDVV�WHVWLQJ��'HIHQVH�1�������

During early tests of electronic systems, the circuit 
cards, interconnects, and other components that make 
up the subsystem get functionally tested in a binomial  
success/fail manner.  When a failure occurs during one of 
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these tests, fault isolation is performed and the responsible 
FRPSRQHQW�DVVHPEO\�&&$�LV�¿[HG�RU�UHSODFHG�VR�WKDW� WKH�
VXEV\VWHP�FDQ�PRYH�RQWR�WKH�QH[W�WHVW�SKDVH���)RU�VLQJOH�
shot systems, the total test duration bears no relationship 
WR�DFWXDO�XVDJH�RI�WKH�V\VWHP�DQG�VR�DQ\�VSHFL¿HG�WHPSRUDO�
PHWULF� �RQ�WLPH�07%)�HWF��� LV� QRW� UHFRUGHG� RU� WUDFNHG���
'XH�WR�WKLV��SURJUDP�OHYHO�GHFLVLRQV�DUH�XVXDOO\�EDVHG�XSRQ�
the reliability metric of mission success rate at the system 
OHYHO� UDWKHU� WKDQ� D� WHPSRUDO�PHWULF� VXFK� DV�07%)� DW� WKH�
VXEV\VWHP�OHYHO���0LVVLRQ�VXFFHVV�UDWH�LV�HDVLO\�GH¿QHG�DQG�
measured during system level testing (Sherwin Sep 2009).  
However, by the time that those tests are performed in any 
VLJQL¿FDQW� TXDQWLW\�� LW� LV� JHQHUDOO\� WRR� ODWH� IRU� FRUUHFWLYH�
DFWLRQV� VXFK� DV�GHVLJQ�RU�SURFHVV� FKDQJHV� WR� VLJQL¿FDQWO\�
improve reliability.  This is why there is a clear need for a 
reliability tool that uses binomial success rate starting with 
¿UVW�SDVV�WHVW�UHVXOWV�WR�SURYLGH�SHUWLQHQW�DQG�XVHIXO�GDWD�WR�
DVVLVW�WKH�GHFLVLRQ�PDNLQJ�SURFHVV�

1.1   Model Approach
A model that tracks latent defect removal rate can show 

where the hardware is on the “bathtub curve” (actually 
failure rate decay curve) when it enters service.  If the failure 
UDWH� KDV� ÀDWWHQHG� RXW� GXH� WR� UHPRYDO� RI� LQIDQW�PRUWDOLW\�
GHIHFWV�� WKLV� SURYLGHV� FRQ¿GHQFH� WKDW� WKH� ¿HOG� UHOLDELOLW\�
approaches the inherent reliability.  Similar approaches 
KDYH� EHHQ� GHYHORSHG� WR� WUDFN� WKH� ḢFDF\� RI� UHOLDELOLW\�
LPSURYHPHQW�H̆RUWV�� � ,W� VKRXOG�EH�QRWHG�KHUH� WKDW�GHIHFW�
decay rate, as modeled in this paper, is conceptually distinct 
from reliability growth (the former develops a curve, the 
latter looks to reduce the area under/over the curve).  

A survey of discrete reliability growth models is 
presented in (Fries and Sen 1996), which consists of a 
compilation of model descriptions, characterizations, and 
LQVLJKWV���7KH�PHWKRG�RI�UH¿QLQJ�HVWLPDWHV�RI�GHIHFW�GHQVLW\�
and screening strength (Procedure D) plots the failures 
collected as a function of the amount of time the screen is 
applied.  The resultant plot is that of an exponential decay 
FXUYH���7KH�PDLQ�GL̆HUHQFH�EHWZHHQ�WKH�0,/�+'%.����$�
and the discrete models is that one is continuous and time 
based, while the other consists of discrete test stages.  The 
0,/�+'%.����$�SURFHGXUH�'�PHWKRG�¿WV�ZLWK�WKH�DLP�DQG�
H[SHFWDWLRQV� RI� WKHVH� FRPSOH[� VLQJOH�VKRW� WHVW� SURJUDPV�
(latent defect removal rate as a function of test step).  
+RZHYHU�� WKHUH� DUH�PDMRU� GL̆HUHQFHV�� VLQFH� SURFHGXUH� '�
stipulates: 1), continuous time based versus discrete test 
VWDJHV������RQH�FRQ¿JXUDWLRQ�OHYHO��DQG�����FRQVWDQW�VWUHVV���

The model developed in this paper will take discrete 
GDWD� GXULQJ� VHTXHQWLDO� WHVWV� DW� GL̆HUHQW� VWUHVVHV� DQG�
FRQ¿JXUDWLRQV�OHYHOV�DV�DQ�LQSXW�DQG�QRUPDOL]H�WKH�GDWD�VR�
WKDW�WKH�PHWKRGV�VLPLODU�WR�WKRVH�XVHG�LQ�WKH�0,/�+'%.�
344A can be used to track and project the reliability achieved 
IURP�VFUHHQLQJ�RI�D�VLQJOH�VKRW�V\VWHP���7KH�PRGHO�SURYLGHV�
D�ZD\�WR�TXDQWLI\�ERWK�WKH�UHODWLYH�VWUHQJWK�RU�H̆HFWLYHQHVV�
RI�HDFK�WHVW�VWDJH��DQG�WKH�H̆HFWLYHQHVV�RI�WKH�HQWLUH�VFUHHQ���
The parameters of the exponential equation produced 
E\� WKH�PRGHO� FDQ�EH�XVHG� WR�SURMHFW�¿HOG� UHOLDELOLW\�PRUH�
accurately.  The model will also allow for early test results 
WR�EH�XVHG�PRUH�H̆HFWLYHO\�DV�IHHGEDFN�IRU�SURFHVV�RU�GHVLJQ�
improvements.  And lastly, the decay curve can be used for 
showing reliability growth by reduction of the area under 
the curve.

The approach is described in Section II, which includes: 
1) methodology; 2) a discussion of the data required; 3) a list 
of model assumptions; 4) an expression for determining test 
equivalency; 5) an expression for system failure counts at test 
stage; 6) a decay rate parameter estimation procedure based 
RQ�FXUUHQW� ORW�GDWD��DQG����D�¿HOGHG�UHOLDELOLW\�SURMHFWLRQ�
Section III shows an example calculation for a complete
data set, which includes an estimation of all parameters in
WKH�PRGHO�DQG�D�SURMHFWLRQ�RI�WKH�¿HOG�UHOLDELOLW\�� �6HFWLRQ
IV discusses application of the model.  Concluding remarks
and areas for future work are given in Section V.

2. Method
The method used in this approach can be described as 

follows:

1. Collect a complete pass/fail data set from a prior
application of the screening program.

2. Apportion the discrete test steps into a scheme
WKDW�FDQ�EH�QRUPDOL]HG�VXFK�WKDW�WHVWV�DW�GL̆HUHQW
FRQ¿JXUDWLRQV�OHYHOV�FDQ�EH�XVHG�WR�FUHDWH�D�VLQJOH
decay curve.

3. %DFN�FDOFXODWH�WKH�7HVW�(̆HFWLYHQHVV�)DFWRU��7()�
of each test from the full data set by determining
the fraction of remaining defects precipitated by
that test.

4. Use linear regression to estimate the key screen
SDUDPHWHUV�Į�DQG�ǃ�IURP�WKH�JUDSKHG�GDWD��ZKLFK
represent defect density of the tested population,
and the overall strength of the screen, respectively.
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5. 8VH�WKH�Į�SDUDPHWHU�IURP�WKH�QH[W�ORW�RI�WHVW�GDWD
WR�SURMHFW�¿HOG�UHOLDELOLW\�

6. :LWK�7()�DQG�ǃ�¿[HG�E\�WKH�WHVW�SURJUDP��PHDVXUH
reliability improvement from lot to lot by tracking
UHGXFWLRQV�LQ�Į�

7. 0RQLWRU� UHOLDELOLW\� JURZWK� E\� ORRNLQJ� IRU
improvements in the screen parameters over
WLPH�WR�GHWHFW�LPSURYHPHQW�LQ�WKH�SURMHFWHG�¿HOG
reliability.

2.1   Data Required
7KH�SURMHFWLRQ�PRGHO�GHYHORSHG�KHUH�UHTXLUHV�D�VSHFL¿F�

type of data.  The data that will be normalized to system level 
consists of a complete set of binomial test results at each of 
WKH�LQGHSHQGHQW�WHVW�VWDJHV��LH��¿UVW�SDVW�\LHOG�UHVXOWV�DW�WKH�
FDUG�OHYHO�XS�WR�V\VWHP�OHYHO�¿HOG�UHOLDELOLW\�DQG�DOO�WHVWV�LQ�
between).  Though the individual test stages i=0,1,…,m can 
EH�SHUIRUPHG� DW� GL̆HUHQW� FRQ¿JXUDWLRQ� OHYHOV� �FDUG� OHYHO��
VXE�V\VWHP�� V\VWHP�� WKH� XVH� RI� DSSRUWLRQPHQW� DOORZV� IRU�
lower level tests to be rolled up into system level results.  

The methodology can be applied to any system.  As an 
H[DPSOH��VXSSRVH�D�V\VWHP�FRQVLVWV�RI�¿IWHHQ�FDUGV�GLYLGHG�
LQWR�WKUHH�VXEV\VWHPV�ZLWK�¿YH�FDUGV�HDFK��VHH�¿JXUH�1����7KH�
WHVW�SURJUDP�DUELWUDULO\�GHFODUHV�¿IWHHQ�FDUGV��RQH�HDFK�RI�
each type by serial number, as being a “system equivalent” 
for reliability tracking purposes.  At this point, there is no 
REOLJDWLRQ�WR�EXLOG�WKH�V\VWHP�IURP�WKRVH�SDUWLFXODU�¿IWHHQ�
FDUGV���7KH�¿IWHHQ�FDUGV�DUH�WHVWHG�DW�WKH�FDUG�OHYHO��DQG�WKH�
number of functional failures is scored as the initial data 
point for the reliability model (Test Stage i=0).  If three 
functional failures occur on three separate cards from the 
SRSXODWLRQ�RI�¿IWHHQ��WKLV�LV�VFRUHG�DV�WKUHH�V\VWHP�IDLOXUHV�
for one system level test.  If there were 4 other sets of 15 cards 
tested and no other failures occurred, the total score for that 
test stage would be 3 system failures out of 5 total system 
level tests.  The assumption made is that the overall system 
level results at a particular test stage will be of binomial 
form.  So although there can be multiple failures per system, 
the overall distribution follows the binomial form where the 
number of failures in Ti trials is Ni ~ Binomial (Ti, pi) and 
0<pi.

After scoring, the three cards are repaired and returned 
to the population.  At this point the test program may choose 
WR�SHUIRUP�D�VHFRQG�FDUG�OHYHO�WHVW�VXFK�DV�D�+$66�WHVW��7HVW�
Stage i=1).  This would be easily accommodated using the 

VDPH�FDUG�OHYHO�HTXLYDOHQF\���1H[W�WKH�FDUGV�DUH�EXLOW�LQWR�
VXEV\VWHPV��DOWKRXJK�WKH�¿IWHHQ�FDUGV�PD\�QRW�EH�XVHG�LQ�WKH�
same subsystem.  The test program now arbitrarily declares 
RQH�HDFK�IURP�WKH�WKUHH�GL̆HUHQW�VXEV\VWHPV�DV�D�³V\VWHP�
equivalent” and tracking is no longer at the card level for 
reliability purposes but rather at the subsystem level.  The 
subsystems are tested and then built into actual systems 
and equivalency is no longer necessary.  The example within 
this paper will make this method of apportionment clear.

It should be noted that the apportionment method 
GHVFULEHG�KHUH�QHFHVVDULO\�LQWURGXFHV�VRPH�LQ¿GHOLWLHV���2QH�
example is that failures can occur in a chassis that contains 
interconnects, but those interconnects are not tested at the 
FDUG�OHYHO�SKDVH���$QRWKHU�LQ¿GHOLW\�DVVRFLDWHG�ZLWK�WHVWLQJ�
under environmental stimulation (temperature, vibration, 
etc.) is that some failures will be precipitated during one 
test phase but not detected until a later test phase.  The 
H̆HFW�RI�WKHVH�LQ¿GHOLWLHV�LV�ODUJHO\�PLWLJDWHG�E\�WKH�XVH�RI�
WHVW�H̆HFWLYHQHVV�IDFWRUV�DV�GHVFULEHG�ODWHU�LQ�WKLV�SDSHU���

7KH� PDLQ� SRLQWV� DUH� WKDW� �1�� DQ\� WHVW� LQ¿GHOLWLHV� DUH�
RI� GLVFUHWH�PDJQLWXGH� DQG� EHFRPH� OHVV� VLJQL¿FDQW� DV� WKH�
VDPSOH�VL]H�JURZV��DQG�����WKH�LQ¿GHOLWLHV�UHPDLQ�FRQVLVWHQW�
throughout the program and so do not impact the use of the 
model to show reliability improvement or deterioration.

Figure 1 ±�6FKHPH�IRU�V\VWHP�HTXLYDOHQF\�DFURVV�GL̆HUHQW�WHVWLQJ�OHYHOV�
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Through the use of apportionment, the data will consist 
of Ti and Ni.  The numbers of trials Ti, at test stage i and 
the count data Ni for the observed failures at that test stage 
are obtained directly from testing. Once the parameters of 
the model have been obtained for a test program, the test 
program must remain constant for future projections.  Any 
changes in any of the tests or the sequence of the tests would 
require a new calculation of the model parameters.

2.2   Determination of Test Equivalency
The proposed model allows a program to take results 

IURP�WHVWV�WKDW�RFFXU�DW�GL̆HUHQW�VWUHVV�OHYHOV�DQG�GL̆HUHQW�
V\VWHP�FRQ¿JXUDWLRQ� OHYHOV��FRPELQH�WKHP�DQG�GHWHUPLQH�
DQ� RYHUDOO� VFUHHQ� H̆HFWLYHQHVV�� DQG� SURMHFW� V\VWHP�
reliability post screen.  Since the assumed exponential form 
results from testing under constant stress, the individual 
test stages that make up the screen must be normalized 
to constant stress.  This is accomplished by calculating 
WKH� UHODWLYH� H̆HFWLYHQHVV� RI� HDFK� WHVW� DJDLQVW� WKH� HQWLUH�
VFUHHQ���7KLV�UHODWLYH�H̆HFWLYHQHVV�ZLOO�EH�UHIHUUHG�WR�DV�7HVW�
(̆HFWLYHQHVV�)DFWRU��7()��� �7KH�7()�RI�DQ�LQGLYLGXDO�WHVW�
stage is given by 

ǊB�L�1�� LV� WKH� WRWDO� QXPEHU� RI� IDLOXUHV� GXULQJ� WKH� WHVW�
VWDJH�� DQG�ǊB�L���� LV� WKH� WRWDO�QXPEHU�RI� IDLOXUHV� WKDW�ZLOO�
occur through the entire test program beginning with the 
current test stage.

The expression for TEF found in Eq.1 is similar to 
DQ� H[SUHVVLRQ� GHYHORSHG� E\� WKH� $UP\� 0DWHULHO� 6\VWHPV�
$QDO\VLV� $FWLYLW\� �$06$$�� IRU� )L[� (̆HFWLYHQHVV� )DFWRU�
�)()�� GXULQJ� WKH� 7HVW�$QDO\]H�DQG�)L[� �7$$)�� SURFHVV�
�30��:-� DQG�:-�������� � 7KH� )()� H[SUHVVLRQ� LV� XVHG� WR�
FDOFXODWH�WKH�H̆HFWLYHQHVV�RI�DQ�LQGLYLGXDO�¿[�DV�D�UHPHG\�
to a particular failure mode.  In the model described in this 

paper, the TEF expression found in Eq.1 is used to assess 
WKH�H̆HFWLYHQHVV�RI�D�WHVW�SKDVH�DW�UHGXFLQJ�WKH�ODWHQW�GHIHFW�
density of a population.  Each test phase within the screen 
reduces the fraction of latent defects within the population 
E\� D� GL̆HUHQW� DPRXQW� DQG� WKH�PDJQLWXGH� RI� WKH� IUDFWLRQ�
reduction is directly related to the strength of the individual 
test.  The strength of a test phase is obtained from the ability 
to both precipitate failures and then detect those failures.  
This typically results in a HASS test having a higher TEF 
than that of a bench level functional test.   For additional 
information on the application of the TEF see the example 
calculation in section III.

2.3  Model Assumptions
1. Test trials at the card and subsystem level have

the potential for one or more failures at the system
level such that total failures per system test can be
larger than 1.

2. Each test trial at the system level results in a
dichotomous success/failure outcome such that
Ni,j ~ Bernoulli (pi) for each i=0,1,…,m and
j=1,…,T.

3. The distribution for the number of failures in T
trials at system level test stages is binomial such
that Ni ~ Binomial (T, pi) for each i=0,1,…,m.

4. 7KH�¿HOG�UHOLDELOLW\�LV�ELQRPLDOO\�GLVWULEXWHG�ZLWK
probability p of success.

5. Since the model does not use any temporal metrics, 
very weak tests can be combined with either the
prior or the subsequent test and considered to
be a single test.  An example where this would
be of value is if HASS vibration results in a TEF
lower than 0.05, but it is determined that the
HASS temperature test immediately following has
failure events that might have been precipitated
because of the combination of the sequence of the
vibration and temperature environments.  The
new test stage would consist of both tests with N
being the addition of the failure counts from each.

6. 7KH�7()�IRU�WKH�¿HOG�HQYLURQPHQW�LV�DVVXPHG�WR
be equal to 1.  This is in keeping with the intended
XVH�RI�D�VLQJOH�VKRW�V\VWHP�LQ�ZKLFK�WKH�¿UVW�¿HOG
WHVW� LV� WKH�¿QDO� WHVW�RI� LQWHUHVW�� �$OWHUQDWLYHO\� IRU
continuous use systems, the TEF can be set at 1 at
WKH�WHUPLQDWLRQ�RI�D�ZDUUDQW\�DV�ORQJ�DV�QR�ZHDU�
out failures are anticipated.

where,
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2.4     Estimation Of Failure Counts At  
         Test Stage

As described earlier, TEF adjustments can be used
to normalize disparate tests to approximate constant 
stress.  Under constant stress, the number of defects in a 
population during early screening has been shown to follow 
WKH� EDVLF� H[SRQHQWLDO� GHFD\� H[SUHVVLRQ� � \ ĮH�ǃW  by both 
theoretical and empirical methods (Defense 1993) (Fries 
and Sen 1996) (H.H. and C.P. 1992).   At the conceptual 
level, this can be thought of as a rapid narrowing of the 
window of opportunity for a defect to survive one test but 
accumulate enough damage to fail the next test at the same 
stress level.  This means that when the TEF adjustment is 
applied to failure count data from individual test phases 
of a screening program, the shape of the resultant defect 
density plot should approximate an exponential decay 
�¿JXUH�1����7KLV�LV�FRQVLVWHQW�ZLWK�WKH�PRGHOV�GHYHORSHG�DQG�
employed by (Defense 1993) and (Fries and Sen 1996).  The 
exponential decay of defects within a population and overall 
hazard rate during exposure to a constant stress in early life 
is similar to the infant mortality region of the bathtub curve 
�0RGDUUHV��.DPLQVNL\�DQG�.ULYWRVY���1���DQG�LV�SUHYDOHQW�
WKURXJKRXW�UHOLDELOLW\�OLWHUDWXUH���$�IXOO�MXVWL¿FDWLRQ�IRU�WKH�
use of an exponential decay shape is beyond the scope of 
this paper, but a thorough treatment can be found in (H.H. 
and C.P. 1992).  While the cited literature is followed in 
this paper with the assumption of an exponential shape, 
FLUFXPVWDQFHV�PD\�GLFWDWH�WKDW�D�GL̆HUHQW�IXQFWLRQ�EH�XVHG�
with the described approach.  In those cases, the discussion 
IRXQG� ODWHU� LQ� WKLV�SDSHU�RI� WKH� H[SRQHQWLDO�SDUDPHWHUV�Į�
DQG�ǃ�ZRXOG�QRW�DSSO\�

Ultimately the goal of any screening program is to ensure 
the items exiting the program are past the exponential decay 
portion of the “bathtub” curve and into the random failure 
portion. Using the TEF adjustment from equation (1), the 
failure count expression obtained is given by 

From the expression found in Eq.4 one can also obtain 
the expression for the failure probability for an individual 
trial:

The equations found in (4) and (5) are nearly identical 
WR�WKH�GLVFUHWH�H[SRQHQWLDO�JURZWK�PRGHO�GHWDLOHG�LQ��)ULHV�
DQG�6HQ�1������ �7KH�RQO\�GL̆HUHQFH� LV� WKH�DGGLWLRQ�RI� WKH�
TEF adjustment term di into the equation to normalize the 
VWUHVV� OHYHO�� � 7KLV� FRQVWDQW�VWUHVV� WHVW� SHUIRUPHG�PXOWLSOH�
times is what Lloyd & Lipow were modeling in (Fries and 
Sen 1996) and is also the basis for most Discrete Reliability 
*URZWK�0RGHOV��'5*0���30��:-�DQG�:-�������

7KH�SDUDPHWHUV�IRXQG�LQ�����GLUHFWO\�FRUUHODWH�WR�VSHFL¿F�
DVSHFWV�RI�D�WHVWLQJ�H̆RUW���7KH�GL�WHUP�UHSUHVHQWV�WKH�WHVW�
H̆HFWLYHQHVV�RI�WKH�LQGLYLGXDO�WHVW�VWDJH�L���7KH�FDOFXODWLRQV�
of di for each test are done after a complete data set has 
been obtained.  With the TEF adjustments applied, the 
other parameters within the model can be estimated.  The 
Į�SDUDPHWHU�LV�UHODWHG�WR�WKH�GHIHFW�GHQVLW\�RI�WKH�SDUWLFXODU�
ORW�RI�LWHPV�EHLQJ�WHVWHG���7KH�ǃ�SDUDPHWHU�FRUUHODWHV�WR�WKH�
RYHUDOO�H̆HFWLYHQHVV�RI� WKH�VHULHV�RI� WHVWV�DW� VFUHHQLQJ�RXW�
the defects and will be referred to as the stress constant of 
the screen.

2.5    Parameter Estimation And Field 
         Reliability

As previously mentioned, empirical determination 
of the parameters requires a complete data set from the 
DSSOLFDWLRQ�RI�WKH�VFUHHQ�DQG�DW�OHDVW�VRPH�UHVXOWV�IURP�¿HOG�
testing (m+1 test stage).  Once the TEF (di) for each test 
VWDJH�LV�IRXQG��WKH�Į�DQG�ǃ�FDQ�EH�HVWLPDWHG���7KH�HVWLPDWLRQ�
SURFHGXUH� IRU� Į� DQG� ǃ� DIWHU� GDWD� FROOHFWLRQ� LV� GRQH� E\�
rearranging equation (4) to the following expression. After 
taking the natural log of each side, the expression takes on 

the form of the familiar linear equation of y = mx + b, where 
WKH�OHIW�VLGH�RI�HTXDWLRQ�����LV�\��OQ�Į� �E���ǃ� �P��DQG�L� �[�

(4)

Figure 2 – Conceptual model of relationship between defects removed 
and defects remaining showing the exponential decay shape.

(5)

(6)
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With equation (4) in the form of (7), the failure count 
data of Ni and Ti at the individual stages of i=0, 1,…, m+1 
FDQ�EH�SORWWHG���7KHQ�E\�DSSO\LQJ�D�OHDVW�VTXDUHV�UHJUHVVLRQ�
DQDO\VLV��Į�DQG�ǃ�FDQ�EH�IRXQG���7KH�UHVXOWDQW�FDOFXODWLRQV�
IRU� GL�� Į�� DQG� ǃ� DUH� XVHIXO� RQ� WKH� ORW� WKDW�ZDV� MXVW� WHVWHG�
WR� GHWHUPLQH� WKH� H̆HFWLYHQHVV� RI� WKH� HQWLUH� VFUHHQ�� JHW�
an estimate on the initial defect density, and also make 
DGGLWLRQDO� HVWLPDWLRQV� RQ� WKH�¿HOGHG� UHOLDELOLW\� DV�ZHOO� DV�
remaining defect density.  Immediately following the screen, 
HVWLPDWLQJ� WKH�SUREDELOLW\�RI� VXFFHVV� LQ� WKH�¿HOG� IURP�WKH�
screen data would be done by extending the expression in 
(5) to the i=m+1 case and subtracting the result from 1.  This 
expression can be found below. 

2QFH� FDOFXODWLRQV� KDYH� EHHQ�PDGH� IRU� GL� DQG� ǃ�� DQG�
since they are only dependent on the screen being applied, 
they can be held constant for the next lot of test items to go 
through the screen.  This means that the only parameter left 
WR�EH�HVWLPDWHG� LV�Į�ZKLFK� LV� UHODWHG� WR� WKH�GHIHFW�GHQVLW\�
of the current lot.  As a program matures, the reliability 
JURZWK�RI�WKDW�SURJUDP�ZLOO�EH�UHÀHFWHG�E\�D�GHFUHDVLQJ�Į�
from lot to lot.

2.6     Model Applied to Synthetic 
          Test Data

The data set in the following example is representative 
of data that comes from a screen applied to an electronic 
VXE�DVVHPEO\�WKDW�LV�UHVSRQVLEOH�IRU�WKH�FRQWURO�RI�D�VLQJOH�
VKRW�JXLGHG�PXQLWLRQ���7KH�VXE�DVVHPEO\�ZLOO�EH�GLVFXVVHG�
in general terms and the failure data provided will be 
simulated but representative of data gathered.  The example 
assumes that the second lot is entering the manufacturing 
SKDVH� EHIRUH� WHVWLQJ� KDV� EHHQ� FRPSOHWHG� RQ� WKH� ¿UVW� ORW���
On a lot of 175 systems, all have been through the system 
IXQFWLRQDO�WHVW��EXW�RQO\����KDYH�KDG�D�¿HOG�WHVW��DQG�RQO\�1��
KDYH�EHHQ�XVHG�LQ�WKH�¿HOG�

The screening program that the control system goes 
through before being released for use is as follows; Stage 
0) Full functional bench level testing at the card level, Stage
1� )XOO�IXQFWLRQDO�WHVWLQJ�DW�WKH�6XE�$VVHPEO\�/HYHO��6WDJH
�� +$66�9LEUDWLRQ�WHVWLQJ�DW�WKH�6XE�$VVHPEO\�OHYHO��6WDJH

�� +$66� 7HPSHUDWXUH� WHVWLQJ� DW� WKH� 6XE�$VVHPEO\� OHYHO�
Stage 4) Full Functional testing at the System Level, Stage
5) Field environment full functional system level test.  The
representative test data from this sequence of tests is seen
in Table 1 and in graphical form as failures per test in Figure
3. The data shown in Table 1 and Figure 3 is reported at
WKH� 6XE�$VVHPEO\� OHYHO� IROORZLQJ� WKH� DSSOLFDWLRQ� RI� WKH
apportionment method described in the “Data Required”
section of this paper.

Note that there is not a clear trend of decreasing failure 
UDWH� LQ�¿JXUH����7KLV� LV�GXH� WR� WKH�YDU\LQJ� OHYHOV�RI� VWUHVV�
applied. Because the approach described in this paper is 
QRW� WHPSRUDOO\� EDVHG�� WKHUH� LV� ÀH[LELOLW\� LQ� GHFLGLQJ� WKH�
beginning or end of an individual test.  In the data shown 
DERYH�� WKH� ¿UVW� FDUG� OHYHO� WHVW� LV� REYLRXVO\� LPSRUWDQW� LQ�
SUHFLSLWDWLQJ�LQIDQW�PRUWDOLW\�GHIHFWV���7KH�VHFRQG�WHVW��¿UVW�
functional at the subassembly level, looks relatively weak.  
The second test is basically a repeat of multiple card level 
WHVWV��EXW�RQ�D� IXOO�VXEDVVHPEO\�DQG�LQFOXGLQJ�YHUL¿FDWLRQ�
of interconnect integrity between boards and chassis that 
could not be accomplished at the card level.  The second 

(7)

(8)

Figure 3 – Unadjusted failures per test as a function of the test stage

Table 1 – Screening Program Results

Test 
Stage (i)

Test 
Description &RQ¿JXUDWLRQ

Failures 

(Ni)

Total 

Tested (Ti)

0 1st Functional Card Level 71 175

1 F unctional 6XE�$VVHPEO\ 3 175

2 HASS Vibe 6XE�$VVHPEO\ 12 175

3 HASS Temp 6XE�$VVHPEO\ 65 175

4 Functional System 18 175

5 Field Test System 16 70

6 Field System 1 10
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WHVW�FDQ�EH�FRPELQHG�ZLWK�WKH�¿UVW�WHVW�WR�IRUP�D�VLQJOH�WHVW�
for scoring purposes.  While this is not necessary for the 
model, it avoids an undesirable situation.  With only three 
failures during test stage 1, the TEF will be low (0.019 in the 
example), meaning that the adjustment will be large.  This 
PDNHV�WKLV�LQH̆HFWLYH�WHVW�YHU\�VHQVLWLYH�WR�HYHU\�DGGLWLRQDO�
failure, such that a single failure will increase the failure rate 
33%.  The result will be such that even after the exponential 
decay has stabilized for the test program, this number will 
still be jumping around.  This is obviously undesirable for 
tracking improvements.

A similar situation arises with the third and fourth test.  
The HASS vibration and HASS temperature tests are shown 
separately, with a low failure rate on the vibration test.  
Work has shown that failures precipitated by vibration will 
often not be detected until the assembly experiences rapid 
temperature swings, primarily because continuity may 
still exist across a broken solder joint if the two sides are 
in casual contact.  This means that the failure rates of the 
two tests are interdependent and so can be combined into a 
single test for scoring purposes. The revised test results can 
be seen in Table 2.  

Note that there is still no clear trend of decreasing 
IDLOXUH�UDWH�LQ�¿JXUH���

2.7 Calculation And Application Of 
TEF Adjustment

In order to calculate the TEF adjustment of each test 
stage it is necessary to have a complete data set like that 
VKRZQ�LQ�7DEOH�����7KHQ�XVLQJ�H[SUHVVLRQV��1�������WKH�7()�
at each stage can be calculated independently.  An example 
calculation for test stage 1 from Table 2 can be seen below.

The TEF adjustments for stages i=0, 2, and 3 are easily 
calculated in the same manner as above.  With the TEF 
adjustments calculated for each test stage one can begin to 
calculate the values on the left side of equation (6).  These 
values represent the normalized failure rate of each test.  
These values can also be thought of as the defect density of 
each item prior to that test stage.  In other words, if the test 
DW� VWDJH� L�ZDV� 1����H̆HFWLYH� LW�ZRXOG� UHPRYH�RQ�DYHUDJH�
this amount of defects from each assembly.  These values 
can be seen in Table 3.

The graph in Figure 5 shows a plot of the defect density 
versus test stage after the TEF adjustment is applied.  
7KH�¿JXUH� LOOXVWUDWHV� WKH� H[SRQHQWLDO� GHFD\� RI� WKH� RYHUDOO�
defect density as a function of test stage.  While the defects 
removed (failures/test as in Figure 4) at each test does not 
have a shape consistent with a parametric model, when 
one applies the TEF adjustments and plots the total defect 
density, a shape consistent with that of an exponential decay 
becomes apparent.  The right side of the expression in (6) 
DQG�WKH�SDUDPHWHUV�Į�DQG�ǃ�WKDW�PDNH�XS�WKDW�H[SUHVVLRQ�
are used to model this exponential decay 

(9)

(10)

(11)

Figure 4 – The revised plot of failure rate as a function of the test 
VWDJH�DIWHU�FRPELQLQJ�LQH̆HFWLYH�WHVWV�ZLWK�PRUH�H̆HFWLYH�WHVWV�WKDW�LV�
sequentially adjacent.

Table 2 – Screening Program Revised Results

Test 
Description

Failures 

(Ni)

Total 

Tested (Ti)

0 1st Functional 74 175

1 HASS 77 175

2 Functional 18 175

3 Field Test 16 70

0+1 Field 1 10
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Note that after the normalization based upon test 
strength, the defect density decay rate follows an exponential 
decay.

2.8 Parameter Estimation Thru Least 
           Squares Linear Regression

With the TEFs calculated and the resultant plot of defect 
density complete, one can now estimate the remaining 
SDUDPHWHUV�RI�Į�DQG�ǃ�ZLWK�H[SUHVVLRQV�����������7KH�VLPSOHVW�
way to do this is by plotting the natural log of the defect 
density (left side of equation 7) against the test stage i.  A 
OHDVW�VTXDUHV�OLQHDU�UHJUHVVLRQ�FXUYH�¿W�FDQ�WKHQ�WDNH�SODFH�
on the plot (Figure 6).  Using the resultant linear equation 
RQH�FDQ�VROYH�IRU�Į�DQG�ǃ��ZKHUH�WKH�UHODWLRQVKLS�RI�Į�DQG�ǃ�
to the straight line equation is described in expression (7).
7KH�FDOFXODWLRQV�RI�Į�DQG�ǃ�FDQ�EH�VHHQ�EHORZ�

:LWK� WKH�Į�DQG�ǃ�FDOFXODWHG�RQH�FRXOG� WKHQ�PDNH� WKH�
point estimate for the probability of failure of an individual 
¿HOG�HYHQW�XVLQJ�H[SUHVVLRQ����

1RWH� WKDW�ZKLOH� WKH� ¿HOG� GDWD� VKRZHG� ���� UHOLDELOLW\�
LQ� D� VDPSOH� RI� WHQ�� WKH�PRGHO� VKRZV� WKDW� WKH� DFWXDO� ¿HOG�
UHOLDELOLW\�ZLOO�EH���1���1��� ����1�RU����1��UHOLDELOLW\�

3. Results & Discussion
With the model parameters that describe the test

program estimated, when the next lot of items come into the 
testing program, one can start to analyze the results using 
the model to determine the likelihood that the lot will meet 
WKH�¿HOG�UHOLDELOLW\�UHTXLUHPHQW���7KH�SURJUDP�FDQ�DOVR�VHW�
requirements at the early test stages that the program needs 
WR�DFKLHYH�LQ�RUGHU�WR�UHDOL]H�WKH�¿HOG�UHOLDELOLW\�UHTXLUHPHQW���
7KH�¿UVW�VWHS�LQ�DSSOLFDWLRQ�RI�WKH�PRGHO�LV�WR�VROYH�IRU�WKH�
desired maximum failure rate at each test stage.  These can 
be solved by rearranging expression 5 in order to solve for 
ĮPD[�XVLQJ�WKH�¿HOG�UHTXLUHPHQW�IRU�SL��GL 1��ǃ��DQG�L P�1���
Included below is the example calculation for the data set 
RI�WKLV�SDSHU�ZLWK�WKH�¿HOG�UHTXLUHPHQW�VHW�WR������IDLOXUH�
probability. 

(12)

(13)

(14)

Figure 5 – Plot of the defect density versus test stage after normalizing 
IRU�WHVW�H̆HFWLYHQHVV�

Figure 6 – Linear Regression of the Ln(Defect Density) versus test stage.

(16)

(17)

(15)

Table 3 – Application of the TEFs result in estimation of defect density.

Test 
Stage (i) TEF (di) &RQ¿JXUDWLRQ

Defect 

Density (Di)

0 0.327 Card Level 1.294

1 0.505 6XE�$VVHPEO\ 0.871

2 0.238 6XE�$VVHPEO\ 0.431

3 0.696 6XE�$VVHPEO\ 0.329

4 1 System 0.100
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1RZ� WKDW� ĮPD[� LV� VROYHG� IRU�� WKH� PD[LPXP� IDLOXUH�
probabilities at each test stage can be calculated by using 
expression 5 and the TEFs.  These values for the synthetic 
test data set are found in Table 4.

When compared to the actual test results that this data 
was generated from these values are all lower than what was 
UHDOL]HG���7KLV�PDNHV�VHQVH�GXH�WR�WKH�IDFW�WKDW�WKH�PRGHO¶V�
DFWXDO�SURMHFWLRQ��IURP�WKH�WHVW�GDWD��IRU�¿HOG�SUREDELOLW\�RI�
failure was 0.1292.  So in order to get that projection down 
WR������WKH�UHTXLUHPHQW�DW�HDFK�WHVW�VWDJH�LV�VWL̆HU�WKDQ�ZKDW�
was experienced. With the limits set, when test results start 
to come in they can be used to calculate the probability that 
the requirement at that stage is going to be met when all 
of the items have been received.  The details of this type of 
calculation are not covered in this paper, but are described 
LQ��0RGDUUHV��.DPLQVNL\�DQG�.ULYWRVY���1���DQG��2¶&RQQRU�
2011).  Also when test data comes in, calculations can be 
PDGH�WRZDUGV�VROYLQJ�IRU�WKH�Į�RI�WKH�FXUUHQW�ORW���2QFH�DQ�
HVWLPDWH� IRU� WKH�Į�RI� WKH�FXUUHQW� ORW� LV�PDGH��D�SURMHFWLRQ�
IRU�¿HOG�UHOLDELOLW\�FDQ�DOVR�EH�UHDOL]HG���7KLV�SURMHFWLRQ�FDQ�
provide a program with a useful tool early in a production 
lot to assess reliability. 

4. Conclusion
This paper describes a novel approach for measuring 

DQG�WUDFNLQJ�UHOLDELOLW\�LQ�VLQJOH�VKRW�V\VWHPV�ZLWK�YDU\LQJ�
FRQ¿JXUDWLRQ� DQG� VWUHVV� OHYHOV� GXULQJ� WHVW�� DQG�ZKHUH� QR�
PHDQLQJIXO�WHPSRUDO�PHWULF�VXFK�DV�07%)�FDQ�EH�DSSOLHG���
The most appropriate applications are programs that at some 
point have had a relatively stable hardware baseline over 
D� VWDWLVWLFDOO\� VLJQL¿FDQW� WLPH� LQWHUYDO�� DQG�DQ�HVWDEOLVKHG�
test protocol.  Under those circumstances, the approach can 
yield robust early predictions as to the reliability impacts 
of changes in manufacturer, manufacturing process, or 

hardware.  Similarly, when the manufacturing process and 
WKH�KDUGZDUH�DUH�VWDEOH��WKH�DSSURDFK�FDQ�JDXJH�WKH�H̆HFW�
of changes in the test protocol.  

:KLOH� WKH� HPSKDVLV� KHUH� KDV� EHHQ� RQ� VLQJOH�VKRW�
systems, the use of a latent defect decay rate curve and test 
H̆HFWLYHQHVV� IDFWRUV� KDV� ZLGHU� DSSOLFDELOLW\� WR� UHXVDEOH�
V\VWHPV� WKDW� KDYH� D� GH¿QHG� HQG�RI�OLIH� UHTXLUHPHQW�
such as reaching the end of a warranty period with a 
desired reliability.  The approach can be applied in any 
FLUFXPVWDQFHV�ZKHUH�WKH�¿QDO�WHVWLQJ�SKDVH�FDQ�EH�DVVLJQHG�
a TEF of “1.”

5. Future Work
The primary limitation of the described model is the 

need for a full data set to determine the exponential decay 
parameters.  This limitation can be mitigated somewhat by 
the use of Bayesian predicting based upon other systems 
that were tested in a similar manner.  A Bayesian approach 
may be particularly well suited to situations where the test 
sequence changes during tracking.  Also, estimation of TEF 
FRXOG�EH�DFFRPSOLVKHG�ZLWK�D�0RQWH�&DUOR�DSSURDFK�
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